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Glutathione Protects the Rat Liver Against Reperfusion
Injury After Prolonged Warm Ischemia

Rolf J. Schauer, MD,*† Alexander L. Gerbes, MD,§ Daniel Vonier,* Herbert Meissner, MD,�
Patrick Michl, MD,‡ Rosemarie Leiderer, MD, † Friedrich W. Schildberg, MD,* Konrad Messmer, MD,†
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Objective: To evaluate the potential of postischemic intravenous
infusion of the endogenous antioxidant glutathione (GSH) to protect the
liver from reperfusion injury following prolonged warm ischemia.
Background Data: The release of reactive oxygen species (ROS)
by activated Kupffer cells (KC) and leukocytes causes reperfusion
injury of the liver after warm ischemia. Therefore, safe and cost-
effective antioxidant strategies would appear a promising approach
to prevent hepatic reperfusion injury during liver resection, but need
to be developed.
Methods: Livers of male Lewis rats were subjected to 60, 90, or 120
minutes of normothermic ischemia. During a 120 minutes reperfu-
sion period either GSH (50, 100 or 200 �mol/h/kg; n� 6–8) or
saline (n� 8) was continuously administered via the jugular vein.
Results: Postischemic GSH treatment significantly prevented ne-
crotic injury to hepatocytes as indicated by a 50–60% reduction of
serum ALT and AST. After 1 hour of ischemia and 2 hours of
reperfusion apoptotic hepatocytes were rare (0.50 � 0.10%; mean �
SD) and not different in GSH-treated animals (0.65 � 0.20%). GSH
(200 �mol GSH/h/kg) improved survival following 2 hours of
ischemia (6 of 9 versus 3 of 9 rats; P � 0.05). Intravital fluorescence
microscopy revealed a nearly complete restoration of sinusoidal
blood flow. This was paralleled by a reduction of leukocyte adher-
ence to sinusoids and postsinusoidal venules. Intravenous GSH
administration resulted in a 10- to 40-fold increase of plasma GSH
levels, whereas intracellular GSH contents were unaffected. Plasma
concentrations of oxidized glutathione (GSSG) increased up to
5-fold in GSH-treated animals suggesting counteraction of the
vascular oxidant stress produced by activated KC.
Conclusions: Intravenous GSH administration during reperfusion of
ischemic livers prevents reperfusion injury in rats. Because GSH is

well tolerable also in man, this novel approach could be introduced
to human liver surgery.

(Ann Surg 2004;239: 220–231)

Temporary clamping of the portal triad, ie, inflow occlu-
sion by the Pringle maneuver,1 is a common strategy to

minimize bleeding during hepatic resection. However, portal
triad clamping can induce relevant ischemia reperfusion in-
jury (IRI) and failure of the remnant liver.2–7 Because pro-
longed ischemia is frequently unavoidable to achieve radical
tumor resection,2 therapeutic strategies to minimize IRI are
needed.

The precise sequence of events leading to IRI following
warm liver ischemia has not been completely elucidated.
However, there is substantial evidence that activation of
Kupffer cells (KC), the generation of reactive oxygen species,
(ROS) and disturbances of the hepatic microcirculation con-
tribute to reperfusion injury.6,8–12 During reperfusion acti-
vated KC produce mediators of inflammation and release
ROS into the sinusoidal space.6,12 The resulting vascular
oxidant stress has been discovered as potential mechanism of
hepatic perfusion failure.13–16 ROS can activate redox-sensi-
tive transcription factors, thereby activating proinflammatory
genes and adding to the hepatic damage.17,18 Furthermore,
ROS may contribute to the activation of calcium–dependent
proteases (calpains)19 which mediate several intracellular
processes resulting in necrotic or apoptotic cell death.20,21

Thus, ROS can be considered as signal molecules,
which trigger several pivotal mechanisms of reperfusion
injury. Consequently, antioxidant strategies appear a promis-
ing approach to prevent hepatic reperfusion injury.10 Recent
studies investigated the therapeutic potential of the endoge-
nous antioxidant glutathione (GSH), in particular since it has
a low toxicity in humans22 and is cost-effective. Earlier
studies indicated that GSH is able to react spontaneously with
nearly all oxidants formed during inflammation.23–25 Subse-
quent studies demonstrated that GSH released through the
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GSH transporter of hepatocytes may act as an endogenous
defense system against KC–derived ROS, thereby protecting
the hepatic vasculature from damage by KC.8 The hepatic
GSH content which can decrease rapidly during preoperative
starvation is pivotal for this defense system.26 Thus, any
intervention increasing hepatic or plasma GSH levels should
convey protection against reperfusion injury. Compounds
with potential therapeutic value include N–acetylcysteine,27

methionine,28 glutathione esters29 but also GSH itself. As
shown recently in vitro, treatment of cold preserved livers
with 2 or 4 mM GSH upon reperfusion prevented cell damage
to hepatocytes in the model of cell-free rat liver perfusion.30

Therefore, the purpose of this study was to test the
hypothesis that intravenous administration of GSH protects
the rat liver against reperfusion injury after prolonged warm
ischemia in vivo. In particular, the aims of the current study
were: to investigate a potential influence of intravenously
applied GSH on necrotic and apoptotic cell death, distur-
bances of the hepatic microcirculation and animal survival
and to determine the functional significance of changes of the
extra- and intracellular antioxidant capacity.

METHODS

Surgical Procedure
Male Lewis rats (250 g) were purchased from Charles

River Wiga (Sulzfeld, Germany) and housed in a tempera-
ture- and humidity-controlled room under a constant 12-hour
light/dark cycle. Animals had free access to water and rat
chow (standard diet, Altromin, Germany). All experiments
were performed with rats fasted 12 hours prior to operations.
All studies were performed with the permission of the Gov-
ernment Authorities and in accordance with the German
Legislation on Laboratory Animal Experiments.

Surgery was performed under spontaneous ether inha-
lation. Arterial blood pressure was continuously monitored
via a carotid catheter. Another catheter was inserted into the
jugular vein for substitution of plasma volume and injection
of fluorescent compounds. Body temperature was kept be-
tween 36.5°C and 37.5°C by means of a heating pad. After
laparotomy, ischemia of the left lateral and left median liver
lobes was induced.31,32 Reflow was initiated by removal of
microclips, which selectively clamped branches of the portal
vein and hepatic artery. Blood samples (500 �L) obtained at
15, 30 and 120 minutes upon reperfusion were replaced by
the same volume of saline. Thereafter, experiments were
terminated and the liver weight was determined.

Experimental Design
For evaluation of the early reperfusion injury, 2 control

groups were compared with a total of 4 intervention groups
and one sham-operated group, respectively.
Sham group. animals underwent laparotomy and intravital
microscopy without hepatic ischemia (n�6).

Control group. livers were subjected to partial ischemia at
37°C for 60 (n�8) or 90 (n�8) minutes and subsequent
reperfusion for 120 minutes.
Treatment groups. livers were subjected to 60 minutes of
partial ischemia. Intravenous administration via the jugular
vein of either 50 �mol GSH/h/kg (Tationil 600, Boehringer
Mannheim/Italy) (n�8), 100 �mo/h/kg (n�8) or 200 �mol
GSH/h/kg (n�6) was started 20 minutes before reperfusion
and continued until the end of the 120 minutes reperfusion
period. Another group (n�6) was subjected to 90 minutes of
warm ischemia with intravenous administration of 200 �mol
GSH /h/kg during reperfusion as mentioned above.

Saline GSH stock solutions (0.24, 0.48 and 0.96 M)
adjusted to a pH of 6.5 were administered by continuous
infusion (2 mL/h) using a microinfusion pump (SP 100i,
WPI, Aston, UK).

Animal Survival
Experiments to assess animal survival were performed

by resecting the nonischemic liver lobes at the end of a 2 hour
period of warm ischemia of the left and median liver lobes.33

Following reperfusion with or without intravenous infusion
of 200 �mol GSH /h/kg (each n�9) animals were fed ad
libitum and observed for 30 days.

In Vivo Fluorescence Microscopy (IVM)
IVM studies were performed 30 minutes after starting

reperfusion at stable hemodynamic conditions, using a mod-
ified Leitz-Orthoplan microscope combined with epi-illumi-
nation technique.34–36 For visualization of the microcircula-
tion, sodium fluorescein (1�mol/kg; Merck AG, Darmstadt,
Germany) and rhodamin 6G (0.1 �mol/kg; Merck AG, Darm-
stadt, Germany) were injected intravenously for fluorescent
staining of hepatocytes and leukocytes, respectively. Quanti-
fication of microhemodynamic parameters was performed
offline by frame-to-frame analysis of the videotaped images
in a blinded fashion. Lobular perfusion and leukocyte adher-
ence were analyzed by scanning a region of 10 randomly
selected acinar areas and postsinusoidal venules, respectively.
Nonperfused sinusoids were estimated by counting the num-
ber of continuously perfused and nonperfused sinusoids and
was expressed as the percentage of all sinusoids visible in a
predefined area. Permanent adherence (sticking) of leuko-
cytes to the sinusoidal endothelium was quantified by count-
ing the number of permanently attached cells (at least for 20
seconds) within periportal, midzonal and pericentral seg-
ments of sinusoids as reported previously.37 Leukocytes
sticking in postsinusoidal venules were determined by the
quantity of cells attached for at least 20 seconds to the surface
of postsinusoidal venules. Furthermore, temporary adherence
of leukocytes (rolling) was assessed as the number of tran-
siently attached leukocytes along the endothelial surface of
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postsinusoidal venules during an observation period of 20
seconds.

Histology and TUNEL Assay
Formalin-fixed tissue samples were embedded in par-

affin, and 5- �m sections were cut. Sections were either
stained with hematoxylin and eosin (HE) or with the terminal
desoxynucleotide transferase-mediated dUTP nick end label-
ing (TUNEL) assay (ApopTag Peroxidase In Situ Apoptosis
Detection Kit, Intergen Co., Purchase, NY). The number of
apoptotic hepatocytes were counted in 10 high power fields
using a Zeiss Axiolab microscope (Carl Zeiss, Jena, Ger-
many). This area of 10 high power fields (1.96 mm2) con-
tained 4,000 hepatocytes on average. Apoptotic cells were
identified by morphologic criteria (cell shrinkage, chromatin
condensation and margination, formation of apoptotic bodies)
and by staining with the TUNEL assay according to the
manufacturer’s instructions (ApopTag Peroxidase In Situ
Apoptosis Detection Kit, Intergen Co., Purchase, NY). Mor-
phologic criteria of necrosis such as cell swelling, cell dis-
ruption, karyolysis and loss of architecture were evaluated in
serial HE- stained sections. All histologic evaluations were
done in a blinded fashion.

Transmission Electron Microscopy
At the end of the experiments, perfusion-fixation of

hepatic tissue was performed using a 5% glutaraldehyde / 4%
paraformaldehyde mixture in phosphate buffer (pH 7.4) via
the hepatic artery at a constant pressure similar to normal
mean aortic pressure of the rat. Specimens cut from the left
liver lobe, were postfixed with osmium tetroxide, dehydrated
in graded alcohol and embedded in Epon 812. Ultrathin
sections were cut and contrasted with uranyl acetate and lead
citrate for electron microscopy.35

Analytical Methods
GSH and GSSG

Total soluble glutathione (GSH and GSSG) was mea-
sured in plasma and in the acidic homogenate from freeze-
clamped livers as described in detail elsewhere.38 For GSSG
analysis an aliqot (200 �L) of blood was mixed immediately
with 200 �L of 10 mM N- ethylmaleimide (NEM) in 100 mM
phosphate buffer (pH 6.5) containing 17.5 mM EDTA.38 The
remaining blood (300 �L) was centrifuged at full speed for 1
minute. An aliquot (100 �L) of plasma was pipetted into 100
�L sulfosalicylic acid (5%) for determination of total gluta-
thione. To separate GSSG from NEM and NEM-GSH ad-
ducts, an aliquot of NEM treated plasma was passed through
a Sep-PakC18 cartridge (Waters, Framingham, Ma, USA)
followed by 1 mL of 100 mM phosphate buffer (pH 7.5).
GSSG in the eluates and total glutathione in plasma and
acidic homogenates were determined by an enzymatic test as
described previously.38,39 GSH plasma concentrations were

calculated as the difference between total glutathione and
GSSG.

Calpain Assay
Calpain protease activity was measured according to a

modified method by Sindram et al.21,40 100 mg of tissue
obtained from the left liver lobe after 2 hours of reperfusion
were frozen immediately and stored at -80°C. 40 �L of
diluted (1:10) cytosol extract was added to 160 �L of 50 �M
Suc-Leu-Leu-Val-Tyr-7-amino-4-methyl coumarin (Sigma)
dissolved in dimethyl sulfoxide and buffer containing 100
mM Tris-HCl and 145 mM NaCl at pH 7.3 in the presence or
absence of 10 mM CaCl2 at 37°C, following amino-4- methyl
coumarin (AMC) release by fluorometry.21,40 Protein concen-
tration of the cell lysate was determined with Biorad-Brad-
ford reagent and bovine serum albumin as standard. Calpain
activity was expressed as pmol AMC release per mg protein
per min at 10 mM CaCl2.

Serum Aminotransferases
Serum aminotransferases were used as established

markers of hepatic injury. Aspartarte aminotransferase (AST)
and alanine aminotransferase (ALT) were measured 2 hours
after reperfusion using a serum multiple analyzer (Hitachi
917, Roche Germany).

Statistical Analysis
All data are expressed as mean and standard error.

Statistical differences between groups were calculated using
paired or unpaired Student’s t test for randomly distributed
data and the Mann-Whitney U test for nonparametric data
following analysis of variance (ANOVA). Comparison be-
tween survival groups was performed by the �2 test. Differ-
ences were considered significant at P � 0.05.

RESULTS

Effect of Intravenous GSH Administration on
Hepatocellular Injury After Warm Ischemia

Substantial parenchymal cell damage following 60 and
90 minutes of normothermic ischemia was indicated by a
more than 7-fold and almost 20-fold increase of serum
transaminases, respectively (Fig. 1). Intravenous administra-
tion of 200 �mol GSH/h/kg significantly (P � 0.05) reduced
ALT- (Fig. 1A) and AST- release (Fig. 1B) in both ischemic
groups indicating protection against parenchymal liver cell
injury. A similar protection was observed when animals were
treated with 50 or 100 �mol GSH/h/kg.

Reduced parenchymal cell damage is supported by
analysis of transmission electron microphotographs of livers
subjected to 60 minutes of ischemia and 2 hours of reperfu-
sion. Normothermic ischemia resulted in appearance of large
vacuoles within hepatocytes (Fig. 2A). Furthermore, hepato-
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cytes showed evidence for peroxisomal proliferation (Fig.
2A). Intravenous GSH- treatment markedly reduced the num-
ber of vacuoles and peroxisomes (Fig. 2B). No evidence for
relevant damage to sinusoidal endothelial cells (SEC) could
be identified in untreated or GSH- treated livers. Accordingly,

HE stained sections of livers from rats treated with 100 �mol
GSH/h�kg had a normal architecture and no sign of liver cell
injury or relevant leukocyte accumulation (Fig. 2C).

Histologic sections of these livers were then evaluated
for apoptotic cells using morphologic criteria (cell shrinkage,

FIGURE 1. Effect of intravenous GSH treatment on serum ALT and AST plasma levels 2 hours after reperfusion of livers subjected
to 60 or 90 minutes of partial warm ischemia. Intravenous infusion of 50 (n�8), 100 (n�8) or 200 (n�6) �mol GSH/h/kg was
started 20 minutes before reperfusion and continued until the end of the 2 hours reperfusion period. Animals receiving GSH had
significantly lower ALT (A) and AST (B) levels than untreated controls (n�8). Data are given as mean � SEM; * P � 0.001 versus
sham group (n�6); † P � 0.05 versus saline-treated controls.
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nuclear condensation and/or margination and the formation of
apoptotic bodies) together with the TUNEL assay to support
morphologic findings. At 2 hours of reperfusion following 1
hour of ischemia, apoptotic hepatocytes were rare (0.50 �
0.10% of hepatocytes in 10 high power fields). Comparable
small numbers of apoptotic hepatocytes were found in livers
from animals treated with 100 �mol GSH/h�kg upon reper-
fusion for 2 hours (0.65 � 0.20%) (Fig. 2D) as well as in the

nonischemic right liver lobes of untreated (0.50 � 0.10%)
and GSH- treated animals (0.60 � 0.15%).

Effect of GSH Treatment on Animal Survival
A recently described model of segmental hepatic isch-

emia (70%) followed by resection of the nonischemic liver
lobes (30%) at the end of ischemia was used to evaluate the

FIGURE 2. Representative electron micrographs, HE staining and TUNEL staining of livers subjected to 60 minutes of ischemia and
2 hours of reperfusion. (A) Hepatocytes of untreated livers showing considerable vacuolization (v) and peroxysomal proliferation
(arrows). (B) Vacuolization and peroxisomal proliferation were absent in hepatocytes when animals received 100 �mol GSH/h/kg
(x 3000). (C) HE stained liver sections from GSH- treated animals appeared normal with no change in the architecture. (D) Only
rare hepatocytes stained TUNEL positive in untreated (not shown) and GSH- treated livers.

Schauer et al Annals of Surgery • Volume 239, Number 1, January 2004

© 2004 Lippincott Williams & Wilkins224



effects of postischemic GSH treatment on animal survival.
After a 2-hour period of ischemia, a significant effect on
long-term survival was observed in animals subjected to 200
�mol GSH/h/kg during the initial 2-hour reperfusion period.
Six of 9 animals survived permanently (�30 days) whereas
only 3 of 9 animals survived longer than 3 days of surgery in
the control group (P � 0.05).

Effect of GSH Treatment on the Hepatic
Microcirculation

Compared with sham-operated animals substantial dis-
turbances of the hepatic microcirculation were observed in
ischemic controls (Fig. 3). Thirty minutes after starting reper-
fusion approximately 20% of sinusoids were not perfused in
both ischemic groups (Fig. 3A). Infusion of 200 GSH nearly
completely prevented no-reflow of sinusoids after 60 or 90
minutes of ischemia (Fig. 3A). Intravital microscopy revealed
considerable leukocyte sticking within sinusoids (Fig. 3B)
and postsinusoidal venules (Fig. 3C). Administration of GSH
reduced the number of permanently attached leukocytes to
sinusoids as well as to postsinusoidal venules in a dose-
dependent fashion (Fig. 3B,C). When control livers were
exposed to 90 minutes of ischemia the number of leukocytes
stagnant to sinusoids increased only minimally (Fig. 3B)
whereas the number of leukocytes sticking to the endothelium
of postsinusoidal venules was more than doubled (Fig. 3C).
Again, treatment with 200 GSH significantly counteracted the
adherence of leukocytes to sinusoids (P � 0.001) and post-
sinusoidal venules (P � 0.01) (Fig. 3B,C). Furthermore, GSH
treatment reduced leukocyte rolling following 90 minutes of
ischemia by more than 50% (P � 0.001) (Fig. 3D).

Effect of GSH Administration on Plasma GSH
and GSSG Concentrations and the Intracellular
Content of Total Glutathione

Intravenous administration of GSH increased plasma-
GSH levels in a dose- dependent fashion. Maximum concen-
trations were reached at 2 hours of reperfusion (Table 1, Fig.
4), indicating a substantial improvement of the extracellular
antioxidant capacity during reperfusion. Parallel to GSH
concentrations, plasma GSSG-levels increased up to 5-fold
reaching maximum concentrations 15 minutes after starting
reperfusion (Fig. 4). Because untreated animals showed no
relevant increase in plasma GSSG these findings suggest
oxidation of intravenously applied GSH due to ROS detoxi-
fication. Despite the substantial increase of plasma GSH
intracellular contents of total glutathione remained un-
changed (Table 1).

Calpain Activity in Untreated and GSH-Treated
Livers

Calpain activity was compared in the cytosol from
livers subjected to 0 (Sham-operated), 60 or 90 minutes of

ischemia (Fig. 5). Compared with normal liver, calpain ac-
tivity increased significantly (P � 0.05) after 2 hours of
reperfusion, but no significant difference was seen between
the 60 and the 90 minutes ischemic groups. The increase of
calpain activity following 60 minutes of ischemia was not
influenced by the administration of GSH (Fig. 5). Adminis-
tration of 200 �mol GSH / h / kg slightly decreased calpain
activity after 90 minutes of ischemia (Fig. 5).

DISCUSSION
There is substantial experimental evidence demonstrat-

ing the impact of Kupffer cell- derived ROS on reperfusion
injury of the liver following warm or cold ischemia.8,12

Therefore, antioxidative strategies directed towards the vas-
cular oxidant stress produced by activated KC might effec-
tively prevent reperfusion injury. This contention is strongly
supported by our study. We obtained the following main
results: (1) Intravenous infusion of GSH during reperfusion
causes a significant reduction of parenchymal cell injury as
well as of microvascular reperfusion injury in livers subjected
to prolonged warm ischemia; (2) Reduction of necrotic cell
damage appears to be the principal mechanism of cytopro-
tection. GSH treatment markedly reduces the postischemic
increase in plasma AST and ALT levels whereas apoptotic
hepatocytes are rare in untreated and GSH- treated animals.
(3) Postischemic GSH treatment is able to significantly im-
prove animal survival; (4) Administration of GSH does not
affect the intracellular GSH status but improves the vascular
antioxidant capacity thereby enhancing ROS detoxification in
extracellular compartments; (5) GSH confers protection with-
out influencing the increase in calpain activity.

Prevention of Reperfusion Injury by
Postischemic GSH Treatment

Reperfusion of rat livers subjected to 60 or 90 minutes
of warm ischemia resulted in a 7-20-fold increase of plasma
ALT and AST activities, indicating considerable parenchy-
mal cell damage. Intravenous administration of GSH at doses
of 50–200 �mol/h/kg significantly reduced ALT and AST
release by approximately 50–60%. Because postischemic
GSH treatment can only protect cells that are not already
seriously damaged before the onset of reperfusion, our results
clearly demonstrate prevention of reperfusion injury to pa-
renchymal liver cells.

During the last years an increasing number of publica-
tions reported evidence for apoptotic cell death following
warm or cold ischemia.41–45 According to these studies
40–85% of hepatocytes undergo apoptosis during reperfu-
sion. The quantification of apoptosis was mainly based on
TUNEL assay. However, it is well known that the TUNEL
method stains necrotic as well as apoptotic cells and, more-
over, that morphology defines apoptosis and is the gold
standard. Interestingly, if morphologic criteria are applied,
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only less than 1% of hepatocytes were found to undergo
apoptosis following 1 hour of warm ischemia and 1, 6 and 24
hours of reperfusion.46,47 Using TUNEL assay in combina-
tion with morphologic criteria we found a similar rate of
apoptotic liver cells (0.5%) after 1 hour of ischemia and 2
hours of reperfusion which was not influenced by GSH
treatment. These findings are in close agreement with recent

studies47 and suggest that prevention of necrosis, but not
apoptosis, appears to be the principal mechanism of GSH-
mediated hepatoprotection. The term necrosis refers to sec-
ondary changes after cell death which becomes histologically
apparent after 6 hours of reperfusion.47 Consequently, we
found no signs of coagulative necrosis in HE stained liver
tissues obtained after 2 hours of reperfusion. In contrast,

FIGURE 3. Figure and Legend continue.
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FIGURE 3. Impact of intravenous GSH treatment on postischemic disturbances of the hepatic microcirculation. IVM data were
obtained 30 minutes after starting reperfusion of livers which underwent either 60 or 90 minutes of normothermic ischemia.
Intervention groups receiving 50 (n�8), 100 (n�8) or 200 (n�6) �mol GSH/h/kg were compared with saline-treated controls
(n�8) and sham- operated animals (n�6), respectively. (A) Nonperfused sinusoids; (B) permanent adherence (sticking) of
leukocytes to sinusoids; (C) permanent adherence (sticking) of leukocytes to the endothelium of postsinusoidal venules (PSV); (D)
temporary adherence (rolling) of leukocytes in postsinusoidal venules (PSV). Microhemodynamic parameters were analyzed in a
blinded fashion by scanning a region of 10 randomly selected acinar areas and postsinusoidal venules. Data are given as mean �
SEM; * P � 0.001, † P � 0.01 versus sham group; ‡ P � 0.001, § P � 0.01, � P � 0.05 versus saline- treated controls.
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electron microscopy analysis showed a relevant vacuolization
within hepatocytes, a generally accepted morphologic crite-
rion of necrosis. GSH treatment prevented vacuolization,
which gives further support for an antinecrotic mechanism of
GSH action.

The functional relevance of these findings was con-
firmed by a doubling of animal survival rate. Postischemic
GSH treatment can therefore be considered as a powerful
protective strategy able to convert rapid animal death after a
prolonged duration of ischemia to consistent long-term sur-
vival. Based on GSH plasma levels following GSH infusion,
concentrations between 100 and 300 �M GSH seems to be
pivotal for cytoprotection. Since plasma GSH levels up to
500 �M showed no toxicity in humans22 GSH seems as ideal
and presumably safe candidate drug for prevention of reper-
fusion injury of the liver

Mechanisms of Cytoprotection by GSH
Previous studies showed that the spontaneous oxidation

of intravenously administered GSH is a relatively slow pro-
cess.8 Our experiments support this contention. When ani-
mals were treated with 200�mol GSH/h/kg plasma GSSG
declined from maximal levels of 6 �M at 15 minutes to 3.5

TABLE 1. Plasma GSH and Total Intracellular Glutathione
After Warm Hepatic Ischemia

Plasma GSH
[�M]

Total intracellular GSH
[�mol/g liver]

Sham 9.4 � 0.3 3.32 � 0.44
60 min of ischemia

Control 10.5 � 1.1 3.50 � 0.39
GSH 50 103.9 � 12.6* 4.19 � 0.49
GSH 100 118.4 � 13.3* 3.32 � 0.26
GSH 200 299.1 � 26.3* 4.24 � 0.43

90 min of ischemia
Control 8.9 � 0.8 3.19 � 0.38
GSH 200 277.8 � 22.3* 3.65 � 0.18

Note: Plasma GSH and the content of total glutathione (GSH and GSSG)
in liver tissue was estimated 2 hours after reperfusion of livers subjected to
60 or 90 minutes of warm ischemia. GSH was intravenously applied at 50 (n
� 8), 100 (n � 8) and 200 (n � 6) �mol/h/kg. GSH infusion was started 20
minutes before reperfusion and continued until the end of the 2 hours
reperfusion period. Note: Values are mean � SEM. *p � 0.001 versus
sham-operated animals or saline-treated controls.

FIGURE 4. Effect of GSH treatment on plasma GSH and GSSG levels following 90 minutes of warm hepatic ischemia. Following
reperfusion of control livers (n�8) plasma GSH (‹) and GSSG (�) remained unchanged. Intravenous infusion of 200 �mol
GSH/h/kg resulted in a continuous increase of plasma GSH (● ) until the end of reperfusion (n�6). In contrast, plasma GSSG (‹)
arised to maximum levels after 15 minutes but thereafter declined continuously. Data are given as mean � SEM; * P � 0.01
compared with saline- treated controls.
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�M at 2 hours of reperfusion whereas plasma GSH raised
from 200 to 400 �M, respectively. Consequently, the ob-
served increase of plasma GSSG cannot be explained by
autoxidation of GSH in blood but reflects an accelerated
oxidation of GSH during early reperfusion. Because intracel-
lular formation of GSSG is low in reperfused livers48 in-
creased plasma GSSG formation is likely to take place
extracellularly. These findings strongly suggest intravenously
applied GSH as a direct or indirect antioxidant against ROS
derived from activated KC or leukocytes.

Earlier animal studies demonstrated prevention of he-
patic ischemia-reperfusion injury by N-acetycysteine
(NAC),27 a precursor of the natural antioxidant glutathione
(GSH). However, as a main result of the present study NAC
and GSH seem to protect the liver by rather different mech-
anisms. NAC is rapidly taken up by liver cells and used for
the synthesis of GSH. Accordingly, prevention of ischemia-
reperfusion injury by NAC was attributed to an increase in
intracellular GSH. In contrast, the present study demonstrated
that intravenous application of GSH upon reperfusion results
in a marked increase of extracellular (plasma) GSH, but not
intracellular GSH. These findings indicate that a powerful
protection can be achieved by direct application of GSH
thereby increasing the extracellular, but not the intracellular
antioxidant capacity. Furthermore, the half life of GSH is
very short (2 minutes).49 Accordingly, elevated plasma GSH

levels achieved in our study returned to baseline within
10–15 minutes after termination of GSH infusion. Thus, a
relevant accumulation of GSH exceeding the initial 2 hours
reperfusion period can be ruled out in the present study.
Nevertheless, animal survival was markedly improved. These
findings strongly suggest that reduction of early reperfusion
injury by an extracellular antioxidative intervention acting
exclusively during the first 2 hours of reperfusion translates to
an improved outcome in vivo.

GSH remarkably improved the hepatic microcircula-
tion in a dose-dependent fashion. In particular, the number of
nonperfused sinusoids decreased to that observed in nonisch-
emic livers.34 Moreover, GSH administration significantly
decreased the number of leukocytes permanently sticking to
sinusoids as well as to postisinusoidal venules. In accordance
to the proposed stepwise process of leukocyte-endothelial
interaction from leukocyte rolling as initial event to perma-
nent attachment of leukocytes as the second step,50 our results
suggest ROS as a mediator of both steps: treatment with GSH
prevented leukocyte sticking and rolling in postsinusoidal
venules of livers subjected to 90 minutes of ischemia. The
same effects were observed during transplantation of KC-
depleted rat livers.51 Thus, our findings provide further evi-
dence for a close relationship between KC- derived ROS and
the development of hepatic microcirculatory failure upon
reperfusion.

FIGURE 5. Cytosolic calpain activity after reperfusion in livers subjected to 60 or 90 minutes of warm ischemia. When livers were
subjected to 60 minutes of ischemia calpain activity increased significantly after 2 hours of reperfusion (P � 0.001) but was not
influenced by intravenous GSH treatment. Following 90 minutes of ischemia there was a slight decrease of calpain activity in GSH
treated livers. Data are given as mean � SEM; * P � 0.001 and ‡ P � 0.01 versus sham group.
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Recently, it has been shown that calpains play an
important role in mediating necrotic and apoptotic cell death
of hepatocytes and SEC after warm or cold ischemia.20,21 In
agreement with these studies we found a 2- fold increase of
calpain activity in liver tissue after 2 hours of reperfusion.
Increased calpain activity has generally been related to in-
creased cytosolic calcium concentrations during ischemia.52

During reperfusion, generation of ROS can contribute to
further increases in calpain activity.19 In this study, we found
no effects of GSH treatment on calpain activity. Therefore, it
seems unlikely that GSH treatment influences mechanisms
involved in the process of calpain activation. Assuming that
intravenously applied GSH traps ROS released by Kupffer
cells into sinusoids our findings argue against vascular oxi-
dant stress as a causal factor of calpain activation.

In summary, the present study demonstrates prevention
of reperfusion injury in the rat liver after prolonged warm
ischemia by postischemic intravenous administration of
GSH. Treatment with GSH prevented microcirculatory fail-
ure and injury to hepatocytes and, moreover, improved ani-
mal survival. Protection was associated with an increased
formation of plasma GSSG providing evidence for an accel-
erated detoxification of ROS by intravenously applied GSH.
Therefore, intravenous administration of GSH appears to be a
candidate therapy for the prevention of reperfusion injury of
the liver after prolonged warm ischemia. Because GSH is
well tolerable also in man, this novel approach could be
introduced to human liver surgery.

ACKNOWLEDGMENTS
The excellent technical assistance of Ms Ingrid Liss is

gratefully appreciated. The authors thank the Institute of
Clinical Chemistry (head: Prof. Dr. D. Seidel) for analysis of
liver enzymes.

This work was supported in part by the Deutsche
Forschungsgemeinschaft (DFG SCHA 857/1–1).

REFERENCES
1. Pringle JH. Notes on the arrest of hepatic hemorrhage due to trauma.

Ann Surg. 1908;48:541–549.
2. Huguet C, Gavelli A, Bona S. Hepatic resection with ischemia of the

liver exceeding one hour. J Am Coll Surg. 1994;178:454–458.
3. Makuuchi M, Mori T, Gunven P, Yamazaki S, Hasegawa H. Safety of

hemihepatic vascular occlusion during resection of the liver. Surg
Gynecol Obstet. 1987;164:155–158.

4. Suc B, Panis Y, Belghiti J, Fekete F. Natural history of hepatectomy.
Br J Surg. 1992;79:39–42.

5. Clavien PA, Harvey PRC, Strasberg SM. Preservation and reperfusion
injuries in liver allografts. Transplantation. 1992;53:957–978.

6. Bilzer M, Gerbes AL. Preservation injury of the liver: mechanisms and
novel therapeutic strategies. J Hepatol. 2000;32:508–515.

7. Hannoun L, Borie D, Delva E, Jones D, et al. Liver resection with
normothermic ischemia exceeding 1h. Br J Surg. 1993;80:1161–1165.

8. Jaeschke H, Farhood A. Neutrophil and Kupffer cell-induced oxidant
stress and ischemia-reperfusion injury in rat liver. Am J Physiol. 1991;
260:G355–362.

9. Brass CA, Roberts TG. Hepatic free radical production after cold

storage: Kupffer cell-dependent and -independent mechanisms in rats.
Gastroenterology. 1995;108:1167–1175.

10. Jaeschke H. Reactive oxygen and ischemia/reperfusion injury of the
liver. Chem Biol Interact. 1991;79:115–136.

11. Lemasters JJ, Thurman RG. Reperfusion injury after liver preservation
for transplantation. Annu Rev Pharmacol Toxicol. 1997;37:327–338.

12. Rymsa B, Wang JI, de Groot H. O2● release by activated Kupffer cells
upon hypoxia-reoxygenation. Am J Phsiol. 1991;261:G602-G607.

13. Shibuya H, Ohkohchi N, Seya K, et al. Kupffer cells generate superoxide
anions and modulate reperfusion injury in rat livers after cold preserva-
tion. Hepatology. 1997;25:356–360.

14. Bilzer M, Gerbes AL. Prolonged modulation of the hepatic circulation
by Kupffer cell-derived reactive oxygen species. In: Wisse E, Knook
DL, Balabaud C (eds.). Cells of the hepatic sinusoid, Vol 6, Leiden,
Netherlands:Kupffer Cell Foundation. 1996;200–201.

15. Koo A, Komatsu H, Tao G, et al. Contribution of no-reflow phenomenon
to hepatic injury after ischemia-reperfusion: evidence for a role for
superoxide anion. Hepatology. 1991;15:507–514.

16. Kondo T, Terajima H, Todoroki T, et al. Prevention of hepatic ischemia-
reperfusion injury by SOD-DIVEMA conjugate. J Surg Res. 1999;85:
26–36.

17. Essani NA, McGuire GM, Manning AM, et al. Endotoxin-induced
activation of the nuclear transcription factor B in hepatocytes, Kupffer
cells and endothelial cells in vivo. J Immunol. 1996;156:2956–2963.

18. Essani NA, Fischer MA, Jaeschke H. Inhibition of NF-�B activation by
dimethyl sulfoxide correlates with suppression of TNF� formation,
reduced ICAM-1 gene transcription, and protection against endotoxin-
induced liver injury. Shock. 1997;7:90–96.

19. Miyoshi H, Umeshita K, Sakon M, et al. Calpain activation in plasma
membrane bleb formation during tert-butyl hydroperoxide-induced rat
hepatocyte injury. Gastroenterology. 1996;110:1897–1904.

20. Kohli V, Madden JF, Bentley RC, et al. Calpain mediates ischemic
injury of the liver through modulation of apoptosis and necrosis. Gas-
troenterology. 1999;116:168–178.

21. Kohli V, Gao W, Camargo CA, et al. Calpain is a mediator of preser-
vation-reperfusion injury in rat liver transplantation. Proc Natl Acad Sci
USA. 1997;94:9354–9359.

22. Aebi S, Assereto R, Lauterburg BH. High-dose intravenous glutathione
in man. Pharmacokinetics and effects on cyst(e)ine in plasma and urine.
Eur J Clin Invest. 1991;21:103–10.

23. Bilzer M, Lauterburg BH. Effects of hypochlorous acid and chloramines
on vascular resistance, cell integrity, and biliary glutathione disulfide in
the perfused rat liver: modulation by glutathione. J Hepatol. 1991;13:
84–89.

24. Bilzer M, Lauterburg BH. Glutathione metabolism in activated human
neutrophils: stimulation of glutathione synthesis and consumption of
glutathione by reactive oxygen species. Eur J Clin Invest. 1991;21:316–
322.

25. Liu P, Fisher MA, Farhood A, et al. Beneficial effects of extracellular
glutathione against endotoxin-induced liver injury during ischemia and
reperfusion. Circ Shock. 1994;43:64–70.

26. Fernández-Checa JC, Yi JR, Ruiz CG, et al. Plasma membrane and
mitochondrial transport of hepatic reduced glutathione. Semin Liver Dis.
1996;16:147–158.

27. Dunne JB, Davenport M, Williams R, et al. Evidence that S-adenosyl-
methionine and N-acetylcysteine reduce injury from sequential cold and
warm ischemia in the isolated perfused rat liver. Transplantation.
1994;57:1161–1167.

28. Jaeschke H, Wendel A. Diurnal fluctuation and pharmacological alter-
ation of mouse organ glutathione content. Biochem Pharmacol. 1985;
34:1029.

29. Kobayashi H, Kurokawa T, Kitahara S, et al. The effects of �-glutamyl-
cysteine ethyl ester, a prodrug of glutathione, on ischemia-reperfusion-
induced injury in rats. Transplantation. 1992;54:414–418.

30. Bilzer M, Paumgartner G, Gerbes AL. Glutathione protects the rat liver
against reperfusion injury after hypothermic preservation. Gastroenter-
ology. 1999;117:200–210.

31. Kawano K, Kim YI, Kazutoshi K, et al. The beneficial effect of
cyclosporine on liver ischemia in rats. Transplantation. 1989;48:759–
764.

Schauer et al Annals of Surgery • Volume 239, Number 1, January 2004

© 2004 Lippincott Williams & Wilkins230



32. Meer C, Valkenburg PW, Snijders PM. Studies on hyperkalemia as a
cause of death in intestinal ischemia shock in rats. Circ Shock. 1986;3:
329–345.

33. Yadav SS, Gao W, Harland RC, et al. A new and simple technique of
total hepatic ischemia in the mouse. Transplantation. 1998;65:1433–
1436.

34. Menger MD, Marzi I, Messmer K. In vivo fluorescence microscopy for
quantitative analysis of the hepatic microcirculation in hamsters and rats.
Eur Surg Res. 1991;23:158–169.

35. Vollmar B, Glasz J, Leiderer R, et al. Hepatic microcirculatory failure is
a determinant of liver dysfunction in warm ischemia-reperfusion. Am J
Pathol. 1994;145:1421–1431.

36. Post S, Palma P, Rentsch M, et al. Differential impact of Carolina rinse
and University of Wisconsin solutions on microcirculation, leucocyte
adhesion, Kupffer cell activity and biliary excretion after liver transplan-
tation. Hepatology. 1993;18:1490–1497.

37. Vollmar B, Lang G, Menger MD, et al. Hypertonic hydroxyethyl starch
restores hepatic microvascular perfusion in hemorrhagic shock. Am J
Physiol. 1994;226:H1927–H1934.

38. Jaeschke H, Mitchell JR. Use of isolated perfused organs in hypoxia and
ischemia/ reperfusion oxidant stress. Methods Enzymol. 1990;186:752–
759.

39. Tietze F. Enzymatic method for quantitative determination of nanogram
amounts of total and oxidized glutathione. Ann Biochem. 1969;27:502–
522.

40. Sindram D, Clavien PA. Calpain methods in hepatic ischemia-reperfu-
sion injury. Meth Mol Biol. 2000;144:261–266.

41. Gao W, Bentley RC, Madden JF, et al. Apoptosis of sinusoidal endo-
thelial cells is a critical mechanism of preservation injury in rat liver
transplantation. Hepatology. 1998;27:1652–1660.

42. Cursio R, Gugenheim J, Ricci JE, et al. A caspase inhibitor fully protects
rats against lethal normothermic liver ischemia by inhibition of liver
apoptosis. FASEB J. 1999;13:253–261.

43. Kohli V, Selzner M, Madden JF, et al. Endothelial cell and hepatocyte
deaths occur by apoptosis after ischemia-reperfusion injury in the rat
liver. Transplantation. 1999;67:1099–1105.

44. Sindram D, Porte RJ, Hoffman MR, et al. Platelets induce sinusoidal
endothelial cell apoptosis upon reperfusion of the cold ischemic rat liver.
Gastroenterology. 2000;118:183–191.

45. Natori S, Selzner M, Valentino KL, et al. Apoptosis of sinusoidal
endothelial cells occurs during liver preservation injury by a caspase-
dependent mechanism. Transplantation. 1999;68:89–96.

46. Sasaki H, Matsuno T, Tanaka N, et al. Activation of apoptosis during the
reperfusion phase after rat liver ischemia. Transplant Proc. 1996;28:
1908–1909.

47. Gujral JS, Bucci TJ, Farhood A, et al. Mechanism of cell death during
warm hepatic ischemia-reperfusion in rats: Apoptotis or necrosis? Hepa-
tology. 2001;33:397–405.

48. Jaeschke H, Smith CV, Mitchell JR. Reactive oxygen species during
ischemia-reflow injury in isolated perfused rat liver. J Clin Invest.
1988;81:1240–1246.

49. Wendel A, Jaeschke H. Drug-induced lipid peroxidation in mice: glu-
tathione content of liver, kidney and spleen after intravenous adminis-
tration of free and liposomally entrapped glutathione. Biochem Pharma-
col. 1982;31:3607.

50. Hernandez LA, Grisham MB, Twohig B, et al. Role of neutrophils in
ischemia-reperfusion-induced microvascular injury. Am J Physiol. 1987;
253:H699–H703.

51. Schauer RJ, Bilzer M, Kalmuk S, et al. Microcirculatory failure after rat
liver transplantation is related to Kupffer cell- derived oxidant stress but
not involved in early graft dysfunction. Transplantation. 2001;72:1692–
1699.

52. Saido TC, Sorimachi H, Suzuki K. Calpain: new perspectives in molec-
ular diversity and physiological-pathological involvement. FASEB J.
1994;8:814–822.

Annals of Surgery • Volume 239, Number 1, January 2004 Glutathione Prevents Hepatic Reperfusion Injury

© 2004 Lippincott Williams & Wilkins 231


